Positron lifetime spectra as well as one-dimensional angular correlations of positron annihilation radiation were measured at room temperature for samples of rhyolitic obsidian coming from Iceland, Italy and Armenia. The samples were of different age. One specimen (originating from Iceland) . was relatively young, formed in 1980. The others were much older, collected during the 19th century. It was found that the linear dimensions of pores trapping the positronium atoms before their decay as well as the pore concentration in all old obsidians are almost the same independently of the place of their formation. Simultaneously the concentration of the pores in the young sample is about five times lower than in the old specimens. Basing on the result it is suggested to extend the study in order to find out if positron annihilation can be used for the investigation of the age of the volcanic accumulations containing obsidian.
Introduction
Natural glasses play an important role as a source of information on geological processes [1] and that is why they are intensively studied with various techniques [2] . Among the amorphous materials obsidians are the most frequently found on the Earth surface. They are volcanic glasses which are formed when lava is exposed to the quenching medium. The medium can be ice and water for example as in the case of subglacial eruptions in Iceland [3] .
One of the characteristic features of amorphous materials is their porosity. It can be investigated by several techniques among which a family of positron annihilation methods is known as an useful tool. The nondestuctive methods use positrons and positronium atoms (Ps -the positron-electron bound state) as microscopic probes for the research of matter in different states. Both the (103) positron and the positronium atom are preferentially localized at the vacuities of the material under investigation and this reflects on the properties of γ-rays due to positron-electron annihilation. Thanks to this fact positron annihilation techniques are suitable tools for studying the positron and positronium traps. They can be vacancies and voids in crystals or atomic-scale holes in amorphous materials for example.
In this paper we present the results of our positron annihilation study of the properties of pores in some obsidians. As far as we know the materials have never been investigated with positrons and positronium atoms.
Experimental and results
The room temperature measurements of lifetime spectra (LS) and one-dimensional angular correlations (AC) of photons coming from the two-photon annihilation of an electron-positron pair were carried out for six dissimilar samples of obsidian originating from Iceland, the Caucasus in Armenia and the Lipari Islands in Italy. The specimens were borrowed from the Museum of Minerals of the Wroclaw University. They were of different age and of similar chemical content characteristic of the rhyolitic obsidian. One specimen (originating from Iceland) was relatively young, formed in 1980. It has got number 1 in this paper. Tle five others were much older, found during the 19th century.
LS were collected by using a conventional fast-timing apparatus with BaF 2 scintillators, constant fraction differential discrimination (Ortec 583 Model), a time-topulse-height converter (Ortec 457 Model) and a multichannel analyzer data buffer (Ortec 919 Model). The full width at half maximum (FWHM) of the time resolution function of the spectrometer is about 350 ps. As the source of positrons the 22 Νa isotope of the activity of about 4 x 10 4 Bq was used. It was sandwiched between two identically prepared pieces of the sample. The LS measurements were performed in summing-safe, triangular geometry [4] . AC were recorded by means of an automated angular correlation spectrometer with the long-slit geometry and FWHM of the angular resolution function of about 2 mrad. The description of such a spectrometer can be found in [5] . During the AC measurements specimens were one-sidedly exposed to positrons provided by a 108 Bq source of 22 Νa.
LS were measured in the time range 0-37 ns making use of 646 channels of the multichannel analyzer. The total number of counts for one LS was about 10 7 . The AC measurements were carried out for angles θ from -34 to +34 mrad in step of 0.5 mrad. The total number of counts for one AC was (1.5-2)x 10 6 .
The obtained data were analysed in terms of three-component (3C) models with the computer programs POSΙΤROΝFΙΤ [6] and ACPAR [7] . The LS components were exponentials with different mean lifetimes (τ1, τ2 and τ3) and intensities (IΙ, I and I3) whereas the AC components were Gaussians with different FWHM (Γ1, Γ2 and Γ3 ) and intensities (IΙ , I2 and I3). The fitted parameters characterizing the mentioned models are presented in Tables Ι and II. As it is seen corresponding parameters of the models for unlike samples are similar. The only exceptions are the intensity I1 of the narrowest Gaussian in the AC for the sample No. 1 -it is the young sample, which is 3 to 4 times smaller than for other samples (old ones) as well as the intensity I3 of the long-lived component in the LS for the sample No. 1 which is about five times smaller than for other samples. The differences in the central parts of AC for the old and young obsidians are shown in Fig. 1 where the spectra presented are normalized to the same area under the tail parts of them (|0| ) 5 mrad). On the other hand, the differences in the tail parts of LS for the old and young obsidians are demonstrated in Fig. 2 where the spectra presented are normalized to the same height.
Existing of both the narrow component in AC (with Γ1 of about 2-3 mrad) and the long-lived component in LS (with τ3 closed to 1.4 ns), , observed for all samples studied, speak in favour of the suggestion [8] that the narrow component of AC is associated with the intrinsic annihilation of trapped para-positronium atoms (the total spin S = 0) whereas the long-lived component of LS is conditioned by the pick-off annihilation of positrons forming the trapped orthopositronium atoms (the total spin S = 1). Taking this into account we used the parameters Γ1 and τ3 for determining characteristics of pores trapping the positronium atoms before their decay. It was done accepting the commonly used simple models of a pore [9, 10] according to which the pore constitutes for positronium a square potential well of spherical symmetry and assuming that positronium trapped in the well occupies the ground state before its decay. The proper computations were performed for the well without electrons inside, having the potential barrier of a finite height [9, 11] (the model I) and for the well with a layer of electron cloud inside, located at the surface of the well barrier of an infinite height [10, 12] (the model II). As a result the depth U (the model I) and the radius R of the wells in the studied samples were determined. In the calculations we used the relationships given in the literature. In the first case they were taken from the publication of Bartenev et al. [11] : where x is a solution of the following equation:
under the condition ctgx < 0, h is the Planck constant divided by 2π, m0 denotes the electron mass, c stands for the velocity of light and τ0 = 350 ps. In the second case the used formulas were taken from the papers by Eldrup et al. [12] and Briscoe et al. [13] :
where ΔR = 166 pm is an empirical parameter describing the thickness of a layer of electron cloud located inside the well at the surface of its barrier and τ3 is expressed in the units of ns. As it is seen from the above equations, in the second case the radius R of the positronium traps can be determined independently from AC (R) and LS (R) data whereas in the first case determining of R (Ru) requires using both AC and LS parameters simultaneously. The obtained results are collected in Table III. On the basis of the data we estimated the mean radius r of the free volumes in the obsidian samples using the following simple relations:
The parameters are presented in Table IV. 1. There are empty pores inside the studied samples of obsidian that trap positronium atoms before their decay.
2. The values of the mean radius r of the free volumes "seen" by the positro nium atoms depend on the method of their estimation. The r values resulting from the commonly accepted interpretation of the positron annihilation data range from 0.5 to 0.9 nm and from 0.2 to 0.7 nm in the case of using the positronium trap model I and II respectively.
3. The values of r are essentially smaller than the ones of rte. This may suggest that the accepted three-Gaussian model of AC is not valid for obsidians and the main component of AC should be described by another function (non-Gaussian) with greater FWHM. On the other hand, the formulas (4) and (5) for positronium in solids were derived using the positronium wave function in vacuum and this simplification can also be responsible for observed differences between r and r values. Finally, the mentioned differences can be explained assuming that the thickness ΔR of the electron layer inside the model pore (II) is different for dissimilar materials (pores) and for obsidians it is greater than 0.17 nm, accepted in our computation following [12] . Similar discrepancy between the r and r, values were observed by us for some naturally occurring silica materials [14] and amber [15] whereas Jean [16] obtained an excellent agreement between the values mentioned for an epoxy polymer studied in various temperatures. Assuming that rΓ ∞ = r τ ∞ = r , o n e c a n f i n d t h a t f o r t h e o b s i d i a n s a m p l e s Δ R c h a n g e s f r o m 0.23 nm to 0.37 nm and r varies from 0.3 to 0.5 nm. The obtained values of r ∞ and ΔR for studied specimens are shown in Table IV. 4. The concentration of the pores detected by positronium atoms (related to the Ι and I parameters) in the young sample from Iceland is several times smaller than in the old one. The result is interesting as it suggests that positron annihilation technique may be useful in the age estimation of the volcanic accumulations containing obsidian. It seems however that drawing the final conclusions on the question requires further experimental data of the kind presented in this paper.
5. As a final point we would like to return to the LS for the samples studied. It seems that an analysis of the spectra in the terms of the two-component (2C) model can be fuitful from the mineralogy point of view. The results of such analysis (Table V) suggest that the τ1 and τ2 parameters of the 2C model may be related to the place of formation (chemical content) and the age of obsidian, respectively. The hypothesis will be checked in the nearest future. At the same time one should note that the 2C model of LS is not proper for obsidians in the light of the χ 2 value for the fit. The X 2 value increases with statistics -see Fig. 3 .
